Carcinoembryonic antigen (CEA) is a commonly used biomarker in colorectal cancer. However, controversy exists regarding the insufficient prognostic value of preoperative serum CEA alone in rectal cancer. Here, we combined preoperative serum CEA and the maximum tumor diameter to correct the CEA level, which may better reflect the malignancy of rectal cancer.
INTRODUCTION
Colorectal cancer (CRC) is the third most frequently diagnosed malignancy and one of the leading causes of cancer-related mortality worldwide [1] . Although Western developed countries show a steady or slightly declining trend, the morbidity and mortality of CRC in developing countries like China are still on the rise [2] . Unlike Western countries, the incidence of rectal cancer is higher than that of colon cancer in China and the prognosis of rectal cancer still needs to be improved [3] . Therapy options for CRC have been developed rapidly in the past decade, but selecting optimal treatments for individuals remains a great challenge for clinicians due to the lack of effective markers [4] . In recent years, biomarkers have played an increasingly vital role in the detection and management of CRC [5] . Among the biomarkers, carcinoembryonic antigen (CEA) is one of the most common and most convenient preoperative detecting indexes in patients with colorectal cancer [6] .
CEA, a large glycoprotein, has been recommended by the American Society of Clinical Oncology (ASCO) and the European Group on Tumor Markers (EGTM) as a prognostic biomarker that can be used to determine the prognosis and stage of CRC [5, 7] . However, controversy still exists regarding the prognostic value of the absolute preoperative serum CEA level in colorectal cancer. Recent studies have noted that CEA is insufficiently sensitive to be used alone, and some researchers have sought new ways to improve its prognostic value by the addition of another factor, such as CD44v6, carbohydrate antigen (CA) 19-9, neutrophil-to-lymphocyte ratio (NLR), or peritoneal carcinomatosis index ratio (PCI) [6, [8] [9] [10] [11] . Intriguingly, a recent study indicated that postoperative tissue CEA (t-CEA) rather than serum CEA (s-CEA) is an independent prognostic factor in stage I to III CRC [12] . This indicated that we should pay more attention to the local CEA produced by tumor cells rather than the overall serum CEA level. Considering that detecting the CEA produced and secreted by all tumor cells is not realistic, using the ratio of CEA to tumor size may somehow reflect the ability of tumor cells to secrete CEA. Another research group demonstrated that CEA density is a prognostic factor for percutaneous ablation of pulmonary colorectal metastases [13] . Using tumor size to adjust and improve the prognostic value of tumor marker is not uncommon, such as prostate specific antigen density and tumorinfiltrating CD8+ T-cell density [14, 15] . Maximum tumor diameter is also a prognostic indicator for some solid tumors including prostate cancer and colorectal liver metastases [16, 17] . While the volume-adjusted prostate-specific antigen has been widely studied as a useful marker in prostate cancer [18, 19] , whether the combination of CEA level and tumor size serves as a novel prognostic factor for rectal cancer remains unresolved.
In this study, we considered both the preoperative serum CEA level and the rectal tumor size and devised the CEA/tumor size, which represents the CEA level adjusted by tumor size, to better reflect the malignancy of rectal cancer. We also refined the insufficient prognostic value of serum CEA. We aimed to apply this new approach to investigate the prognostic impact of the preoperative CEA/tumor size in patients with rectal cancer.
MATERIALS AND METHODS

Patients
Patients who were diagnosed with stage I to III rectal cancer and underwent a radical excision at the Sixth Affiliated Hospital of Sun Yat-Sen University from 2007 to 2012 were studied. This study was approved by the Medical Ethics Committee of the Sixth Affiliated Hospital of Sun Yat-sen University and did not cause any harm to the patients. All retrospective data were obtained from a database maintained by the Sixth Affiliated Hospital of Sun Yat-sen University. The inclusion criteria were as follows: (1) Histologically confirmed adenocarcinoma; (2) Stage I to III according to the 8 th edition of the American Joint Committee on Cancer (AJCC); and (3) Radical resection. The following patients were excluded: (1) Those with nonprimary cancers;
(2) Patients who received neoadjuvant chemotherapy and/or radiotherapy; and (3) Patients with missing data on preoperative CEA or tumor size. Patients who satisfied both the inclusion and exclusion criteria were randomly divided into two cohorts for cross-validation: Training cohort and validation cohort. The training cohort was used to generate an optimal cutoff point and the validation cohort was used to test the applicability of this cutoff point and the model.
Data collection
The following data were collected using the Electronic Medical Record System: Age, sex, histological features, TNM stage (AJCC), differentiation degree, presence of lymphovascular invasion, presence of perineural invasion, preoperative serum CA 19-9 and CEA levels, maximum tumor diameter, recurrence, and survival time. Followup was conducted every three months during the first year after resection, every six months during the next two years, and once a year thereafter. Routine physical examination, serum CEA test, and radiographic examinations including chest radiography, abdominopelvic computed tomographic scanning, or ultrasonography, whole-body bone scanning, double-contrast barium enema, and colonoscopy were performed and recorded six months after resection and yearly thereafter. The followup time ended in June 2016, and the follow-up interval varied from three to ten years.
Statistical analysis
In our study, we used the maximum diameter in the maximum cross section to represent the tumor size, which was measured by radiologists and pathologists (pathological data are preferred). We defined the CEA/tumor size as the ratio of preoperative CEA level to the maximum tumor diameter. The primary outcome was overall survival (OS), which was defined as the time in months from surgery to death. The secondary endpoint was disease-free survival (DFS), which was defined as the time in months from surgery to disease recurrence, whether radiological or histological. Maximally selected rank statistics were used to identify the optimal discriminator value for the CEA/tumor size, which was conducted in the training cohort. For every potential cutoff point, the absolute value of the standardized logrank statistic was computed. The cutoff that provided the best separation of the survival outcome into two groups, where the standardized statistics reached their maximum, was selected as the cutoff point. Based on this cutoff, we divided the validation cohort into two groups: High CEA/tumor size group and low CEA/tumor size group. The intergroup comparisons of the clinicopathological variables were performed using the two independent samples t-test or Mann-Whitney U test for continuous variables, and the chi-square test or two-tailed Fisher's exact test for discrete variables. The Kaplan-Meier method and log-rank test were used to plot the survival curve and to compare the survival data. Univariate analysis of potential risk factors for each variable was performed using the Cox proportional hazards regression model. Variables with a P-value < 0.10 in the univariate analysis were selected to fit the multivariate Cox model. Multivariate analysis using the Cox proportional hazards regression model was used to identify independent risk factors. Variable selection methods, including forward, backward, and stepwise algorithms, as determined by the Akaike information criterion (AIC), were used to construct the appropriate model. The proportional hazards assumption of the Cox regression models was tested by Schoenfeld residuals. All tests were bilateral, and P-values < 0.05 were considered statistically significant. All analyses were performed using the R Language for Statistical Computing (version 3.5.1).
RESULTS
Baseline characteristics
Of the 696 patients diagnosed with rectal cancer who underwent surgical resection from 2007 to 2012, 11 were not histologically confirmed to have adenocarcinoma, 70 received neoadjuvant chemotherapy and/or radiotherapy, and 59 had missing data. Excluding these patients left 566 patients who satisfied both the inclusion and exclusion criteria ( Figure 1 ). These patients were randomly divided into two cohorts: The training cohort (n = 371, 2/3 of 566) and the validation cohort (n = 185, 1/3 of 566).
Maximally selected rank statistics were performed to determine the optimal value with maximal standardized log-rank statistics. For all 371 rectal cancer patients in the training cohort, the CEA/tumor size of 2.429 ng/mL per cm (P = 0.016) provided the best separation of the survival outcomes of the two groups ( Figure 2 ). Based on this cutoff value, 371 patients from the training cohort and 185 patients from the validation cohort were divided into the high CEA/tumor size group and the low CEA/ tumor size group, respectively. As shown in Table 1 , high CEA/tumor size was correlated with older age, high TNM stage, the presence of perineural invasion, and high CEA and CA 19-9 levels in the training cohort. Somewhat differently, in the validation cohort, patients with a higher CEA/tumor size only tended to have higher preoperative CEA and CA 19-9 levels. Tumor size, sex, differentiation, and lymphovascular invasion did not differ significantly between the two groups in both cohorts. for the multivariate analysis for OS in both cohorts. As for DFS, the univariate analysis indicated that advanced TNM stage, the presence of lymphovascular invasion, high CEA level, and high CEA/tumor size might be associated with a poor outcome in both cohorts. However, the presence of perineural invasion only showed a significant association with DFS in the training cohort, while poor differentiation and high CA 19-9 level were associated with poor DFS only in the validation cohort (Tables 2 and 3) .
To adjust for the influence of potential confounders, the prognostic impact of CEA/tumor size on OS and DFS was further explored by constructing a multivariate Cox proportional hazards model. Forward, backward, and stepwise algorithms determined by the AIC were used to construct the optimum model. All of the above methods generated identical models, and the results were similar in both cohorts. According to the multivariate analysis, older age, poor differentiation, advanced TNM stage, and higher CEA/tumor size were all significantly correlated with a worse OS. With respect to DFS, the significance of TNM stage, lymphovascular invasion, and CEA/tumor size was retained in the final model in both cohorts ( Table 4 ). As a result, CEA/tumor size was significantly associated with OS in both the training cohort [hazard ratio (HR) = 2.18, 95%CI: 1.28-3.73] and in the validation cohort (HR = 4.83, 95%CI: 2.21-10.51). However, CEA/tumor size showed a critical association with DFS in the training cohort (HR = 1.47, 95%CI: 0.93-2.33) and a significant association in the validation cohort (HR = 2.61, 95%CI: 1.38-4.95). Plotting the Schoenfeld residuals against time showed that all the covariates in the Cox proportional hazards model for OS and DFS met the proportional hazard assumption (P > 0.05, Figures 5 and 6 ).
DISCUSSION
CEA is reliable for the detection of rectal cancer recurrence and is recommended by the ASCO and EGTM as a prognostic biomarker during routine follow-up for CRC after surgical resection [5, 7] . Despite many published studies that have demonstrated the prognostic impact of CEA among CRC patients, no agreement concerning the cutoff values has been established [20] [21] [22] [23] [24] . Moreover, Tong et al [12] found that postoperative tissue CEA is significantly associated with the prognosis of CRC, and Huo et al [13] illustrated that serum CEA density was an independent prognostic factor in patients with colorectal pulmonary metastasis. CEA, as a classic tumor marker, is used to evaluate the biological activity of malignancies, but biological activity will also be affected by tumor quantity. When tumors grow, no matter how clumsily or aggressively, serum CEA level will increase as the expression of CEA increases in proliferating adenocarcinoma cells. Therefore, tumor size is a confounding factor that should be minimized. A new prognostic factor that better reflects the intra-tumor CEA concentration without omission of the tumor volume will be much more accurate than a classic serum CEA test. A comprehensive study stated that tumor size, especially the maximum horizontal tumor diameter, represented a valuable prognosticator in gastric cancer [25] . Another study found a direct relationship between tumor volume in rectal cancer and overall survival [26] . Therefore, we decided to use CEA/tumor size, which is a simple parameter that could reduce the confounding effect of tumor size. Taken together, these results indicate that the ratio of serum CEA to the maximum tumor diameter might be a better marker to assess the tumor's biological activity and to refine the insufficient prognostic value of serum CEA for rectal cancer. This is the first study to evaluate the prognostic value of CEA/tumor size for stage I to III rectal cancer. We found that patients with a high CEA/tumor size (over 2.429 ng/mL per cm) had a significantly worse 5-year OS and DFS. Therefore, a correlation exists between the preoperative CEA/tumor size and the prognosis of rectal cancer patients after resection. Patients with high CEA/tumor size tended to have a worse outcome. In our study, no correlation was found between tumor size and survival outcome. Univariate and multivariate analyses showed that CEA/tumor size was independently associated with OS and DFS, while absolute serum CEA was not. This implied that adjusting the confounding effect of tumor size may improve the prognostic value of CEA. Thus, preoperative CEA/tumor size can be used as an Maximally selected rank statistics were used to identify the optimal discriminator value for the carcinoembryonic antigen/tumor size, which was conducted in the training cohort. For every potential cutoff point, the absolute value of the standardized log-rank statistic was computed. The cutoff point that provided the best separation of the survival outcome into two groups, where the standardized statistics reached their maximum, was selected as the cutoff point. CEA: Carcinoembryonic antigen.
independent prognostic factor for patients with stage I-III rectal cancer.
Notably, this study highlights the important relationship between serum CEA and tumor volume, which is in agreement with previous studies. With respect to the prevalence of serum CEA in clinical applications, additional improvement in the accuracy of estimating 5-year outcomes will benefit more patients. In addition, a growing tumor with little change in biological activity will exhibit an increased CEA level and a relatively unchangeable CEA/tumor size. Therefore, CEA/tumor size is not only more accurate but more stable than serum CEA. In patients with identical serum CEA levels, it is necessary to make a decision regarding clinical intervention for patients with smaller maximum tumor diameter. In contrast, a low CEA/tumor size may indicate less aggressive and malignant tumors.
However, we admit that our study has some inherent limitations. First, maximum tumor diameter as an indication of tumor volume is not so precise. Huo et al [13] used the spherical formula (4 × π × radius 3 )/3 to represent the tumor volume since they assumed that pulmonary tumors were spherical. Nevertheless, unlike pulmonary metastases, rectal tumors are not a fixed geometric shape, which means this method is unreliable [26] . Alternatively, the careful delineation of the tumor boundary combined with specific software may provide a more accurate estimation of tumor size. However, maximum tumor diameter represents a quick and convenient method that can be used to roughly estimate tumor volume, and as a result, has more prospects for clinical application. Second, CEA/tumor size cannot be used as part of a routine follow-up index to dynamically monitor the recurrence and metastasis of rectal cancer after surgery. Surgical resection will remove the local tumor, and therefore CEA/tumor size will be unable to be continually calculated. For patients with newfound relapse and metastasis, the value of CEA/tumor size requires further investigation. Beyond that, we also noticed a newly published research study suggesting that postoperative CEA is a better prognostic marker for survival than preoperative CEA in colon cancer [27] . However, postoperative CEA indicates complete resection of the tumor, while CEA/tumor size is focused on tumor malignancy. Third, we did not include patients with neoadjuvant chemotherapy and/or radiotherapy because both of them can influence preoperative CEA and tumor size and may bias our result. Finally, in both cohorts, CEA/tumor size was included in the final Cox model for DFS, which means that CEA/tumor size is an essential factor for DFS. But the P-value was 0.003 in the validation cohort and 0.096 in the training cohort, which may result from the insufficient sample size or discrepancy between the two cohorts. Whether CEA/tumor size is really associated with DFS still needs further study.
Preoperative CEA/tumor size is a new method that can be used to predict the outcomes of patients with stage I-III rectal cancer, which may influence the decisionmaking process for a specific treatment regimen and patient counselling. Since both CEA level and tumor size are routinely measured before surgery, the data of CEA/tumor size can be obtained by simple calculation. This will facilitate the application of CEA/tumor size in clinical practice. Compared with CEA, a great advantage of CEA/tumor size is the ability to figure out those patients with higher CEA but relatively small tumor size. The result of our study suggests that these easily neglected tumors may represent higher malignancy and worse outcome. With the optimization of risk stratification, clinicians can choose individualized treatment options and the outcome of rectal cancer patients can be improved accordingly.
Of course, some limitations of our study design still need to be discussed. As a retrospective study, we were not able to obtain high-level clinical evidence. We also found that some patients did not reach an enough follow-up time, which may influence the accuracy of our result. Since the estimated cutoff point was relatively high, the high-risk group and low-risk group accounted for 20% and 80%, respectively. Although the number of events per variable > 10 in our Cox model, a larger sample size would be better to obtain more reliable results [28] . Therefore, a large-scale prospective study and longer follow-up time are needed and we will try our best to validate our conclusion in future studies. It is also worthwhile for other researchers to further validate our study with new evidence, as we are looking forward to a more accurate prognostic factor for rectal cancer.
In summary, patients with a high preoperative CEA/tumor size have a worse outcome than those with a low CEA/tumor size. Preoperative CEA/tumor size may play an important role in prognosis and treatment decisions of rectal cancer patients after surgery. 
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Research background
Colorectal cancer (CRC) is the third most frequently diagnosed malignancy and one of the leading causes of cancer-related mortality worldwide. Therapy options for CRC have been developed rapidly in the past decade, but selecting optimal treatments for individuals remains a great challenge for clinicians due to the lack of effective markers.
Research motivation
Controversy exists regarding the insufficient prognostic value of preoperative serum CEA alone, which is a widely used biomarker in rectal cancer. Recent studies have found that local CEA may play a more important role in the prognosis of CRC than overall serum CEA. Some studies have tried to add another factor like tumor size to improve the prognostic value of biomarker, such as prostate specific antigen density and tumor-infiltrating CD8+ T-cell density. Here, we combined preoperative serum CEA and the maximum tumor diameter to correct the CEA level, which may better reflect the malignancy of rectal cancer and improve the risk stratification system.
Research objectives
We aimed to investigate the prognostic impact of the preoperative CEA/tumor size in patients with rectal cancer, which may influence the decision-making process for a specific treatment regimen and patient counselling.
Research methods
We retrospectively reviewed 696 stage I to III rectal cancer patients who underwent curative tumor resection from 2007 to 2012. These patients were randomly divided into two cohorts for cross-validation: Training cohort and validation cohort. The training cohort was used to generate an optimal cutoff point and the validation cohort was used to further validate the model. Maximally selected rank statistics were used to identify the optimum cutoff for CEA/tumor size. The Kaplan-Meier method and log-rank test were used to plot the survival curve and to compare the survival data. Univariate and multivariate Cox regression analyses were used to determine the prognostic value of CEA/tumor size. The primary and secondary outcomes were overall survival (OS) and disease-free survival (DFS), respectively.
Research results
In all, 556 patients who satisfied both the inclusion and exclusion criteria were included and randomly divided into a training cohort (2/3 of 556, n = 371) and a validation cohort (1/3 of 556, n = 185). The cutoff was 2.429 ng/mL per cm. Comparison of the baseline data showed that high CEA/tumor size was correlated with older age, high TNM stage, presence of perineural invasion, high CEA, and high carbohydrate antigen 19-9 (CA 19-9). Kaplan-Meier curves showed a manifest reduction in 5-year OS (training cohort: 56.7% vs 81.1%, P < 0.001; validation cohort: 58.8% vs 85.6%, P <0.001) and DFS (training cohort: 52.5% vs 71.9%, P = 0.02; validation cohort: 50.3% vs 79.3%, P = 0.002) in the high CEA/tumor size group compared with the low CEA/tumor size group. Univariate and multivariate analyses identified CEA/tumor size as an independent prognostic factor for OS (training cohort: hazard ratio (HR) = 2.18 95% confidence interval (CI): 1.28-3.73, P = 0.004; validation cohort: HR = 4.83, 95%CI: 2.21-10.52, P < 0.001) as well as DFS (training cohort: HR = 1.47, 95% CI: 0.93-2.33, P = 0.096; validation cohort: HR: 2.61, 95%CI = 1.38-4.95, P = 0.003).
Research conclusions
This is the first study to evaluate the prognostic value of CEA/tumor size for stage I to III rectal cancer. We found that patients with high CEA/tumor size tended to have a worse outcome.
Adjusting the confounding effect of tumor size can improve the prognostic value of CEA. Compared with CEA, another great advantage of CEA/tumor size is the ability to figure out those patients with higher CEA but relatively small tumor size. The results of our study suggest that these easily neglected tumors may represent higher malignancy and worse outcome, which may challenge the conventional risk stratification system. Since both CEA level and tumor size are routinely measured before surgery, the data of CEA/tumor size can be obtained by simple calculation. Therefore, CEA/tumor size can be easily applied in clinical practice.
Research perspectives
As a retrospective study, we were not able to obtain high-level clinical evidence, but the current retrospective study will provide an important basis for us to carry out a prospective study. A large-scale prospective study and longer follow-up time are needed in future study.
